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ABSTRACT
Every year, a few metre-sized meteoroids impact the atmosphere of the Earth. Most
(if not all) of them are undetectable before the impact. Therefore, predicting where
and how they will fall seems to be an impossible task. In this letter we show com-
pelling evidence that we can constrain in advance, the dynamical and geometrical
conditions of an impact. For this purpose, we analyse the well-documented case of the
Chelyabinsk (Russia) impact and the more recent and smaller Vin˜ales (Cuba) event,
whose conditions we estimate and provide here. After using the Gravitational Ray
Tracing algorithm (GRT) to “predict” the impact conditions of the aforementioned
events, we find that the speed, incoming direction and (marginally) the orbital ele-
ments of the corresponding meteoroids could be constrained in advance, starting only
on one hand, with the geographical location and time of the impact, and on the other
hand, with the distribution in configuration space of Near Earth Objects (NEOs).
Any improvement in our capability to predict or at least to constrain impact proper-
ties of medium-sized and large meteoroids, will help us to be better prepared for its
potentially damaging effects.
Key words: methods: numerical – meteorites, meteors, meteoroids.
1 INTRODUCTION
Earth is impacted by hundreds to thousands of centimetre-
sized meteoroids each year. Metre-sized objects are much less
frequent, with just a few of them falling into the Earth every
year (Brown et al. 2013). Most of these events occur at very
high altitudes and far from populated areas. Still, they are
detectable by satellites (Chapman & Morrison 1994; Brown
et al. 2002) and infrasound detectors (see eg. Silber et al.
2011; Moreno-Iba´n˜ez et al. 2018). In a few cases, however,
an impact of a metre-sized object (releasing energies in the
range of few to several to hundreds of ktons) may happen
over populated areas, posing a real risk over infrastructure
and population (Popova et al. 2013; Rumpf et al. 2016).
In the case of large (several hundreds of meters) and well-
knwon Near Earth Object (NEOs) whose impact probabili-
ties are not negligible, we can predict in advance where and
how the object could impact our planet (Chapman 2004;
Chesley 2005; Rumpf et al. 2016). This is possible because
the impactor have been previously observed and its orbital
elements are very well-constrained.
The detection of metre-sized NEOs is slow and difficult
(see eg. Boslough et al. 2015). Therefore, predicting where
? Corresponding author: jorge.zuluaga@udea.edu.co
and how one of these unseen objects will impact our planet
at a given time, seems to be an impossible task. Proof of
this are the well-known impacts in Chelyabinsk (Russia),
Benenitra (Madagascar) and recently in Vin˜ales (Cuba) and
the Bering Sea, (Russia), which were not observed prior to
the event.
In two recent works, Zuluaga & Sucerquia (2017, 2018)
introduced a novel numerical technique, the Gravitational
Ray Tracing (GRT), intended (among many potential ap-
plications) to compute the probability that at a given time,
certain geographical region of the Earth (or any other plan-
etary body) be impacted by a meteoroid. More recently Zu-
luaga et al. (2019) applied GRT to study the impact of a
small object against the moon, testing the technique for the
first time in a different context and with a different aim for
which it was originally devised.
In this letter we apply GRT (Section 4) to study ret-
rospectively the impact conditions (Section 2) of the best
documented atmospheric explosion to date, namely the
Chelyabinsk impact, hereafter the Chelyabinsk-Russia or C-
R event (Section 3), and the more recent, smaller, but still
energetic event over Vin˜ales (Cuba), hereafter the Vin˜ales-
Cuba or V-C event. Our aim here is to verify if the “pre-
dictions” that GRT could make about the incoming direc-
tion, speed and orbital element of the potential impactors at
© The Authors
ar
X
iv
:1
90
2.
03
98
0v
2 
 [a
str
o-
ph
.E
P]
  1
7 A
pr
 20
19
2 Zuluaga et.al
the place and time of those events (Section 5), are close to
the observed conditions of the impacts. In order to perform
the comparison between the well-known C-R event with the
barely-studied V-C impact, we provide our own estimations
of the impact conditions as obtained from public footage
and using the methods introduced in Zuluaga et al. 2013
(Supplementary material).
2 IMPACT CONDITIONS
After encountering the Earth, the fate of a meteoroid de-
pends on many different parameters, including its pre-entry
size, mass and incoming direction (Gritsevich et al. 2012;
Lyytinen & Gritsevich 2016). Still, most (if not all) me-
tre-sized objects, ie. diameters 1 . D . 50 m, that have
impacted the Earth in the last 30 years leaving a detectable
fireball, have exploded at altitudes ranging 20-50 km1, in ac-
cordance with most theoretical expectations (Svetsov et al.
1995; Collins et al. 2005). Ablation and subsequent fragmen-
tation, happen when the atmospheric density increases and
the aerodynamic pressure at the leading edge of the impactor
surpass the strength of the material (Hills & Goda 1998).
Usually, the “cascade” breakup of the main body spreads
material of the meteoroid over a relatively large area of the
planet surface.
We call “impact conditions” to the set of bulk geometri-
cal and dynamical properties of a meteoroid impact on the
Earth’s atmosphere. These conditions include but are not
restricted to the entry speed, incoming direction, and pro-
jected impact point.
We call projected impact point to the intersection between
the geoid and a straight line tangent to the atmospheric
trajectory of the meteoroid. Their geodetic coordinates are
denoted as lonimp, latimp. The point in the sky from which
the meteoroid seems to come is known as the radiant. Here,
we parameterize the radiant in terms of the Azimuth (Arad)
and elevation (hrad) of this direction as observed from the
projected impact point.
Since the impact speed vimp of the meteoroid is relatively
large, typically vimp ∼ 12 − 24 km/s, and its mass is much
larger than the mass of the atmosphere displaced during
the ablation, the trajectory of the meteor can be assumed
nearly rectilinear until it reaches the upper layers of the
lower-atmosphere, ie. altitudes ∼ 20-30 km. Therefore, af-
ter determining the projected impact point and the radiant
direction we can estimate the heliocentric orbital elements
prior to impact, namely q, e, i, Ω and ω (with q the peri-
helion distance, e the eccentricity, i the orbital inclination,
Ω the longitude of ascending node and ω the argument of
perihelion). These elements are obtained by integrating the
trajectory of the object, subject to the gravitational field
of the Solar System, back to a reasonable time previous to
impact (typically one orbital period before).
3 STUDIED EVENTS
In recent years, the expansion and densification of urban ar-
eas plus the availability of cheap electronic cameras, allowed
1 For an updated list of reported fireballs in the CNEOS database
see: https://cneos.jpl.nasa.gov/fireballs/
Property C-R1 (2013) V-C2 (2019)
Atmospheric Trajectory
Borovicˇka et al. 2013 This work
Date 2013/02/15 2018/02/01
Time (UTC) 03:20:20 18:17:10
lonimp (deg) +59.8703* -83.8037
latimp (deg) +55.0958* +22.8820
Arad (deg) 103.5 178.9
hrad (deg) 18.55 31.8
vimp (km/s) 19.03 16.9
Heliocentric Orbit
Borovicˇka et al. 2013 This work
a (AU) 1.72 1.217
e 0.571 0.391
q (AU) 0.738 0.74
i (deg) 4.98 11.47
Ω (deg) 326.459 132.28
ω (deg) 107.67 276.97
P (years) 2.33 1.34
Tp** 2.73 2.81
1C-R, Chelyabinsk-Russia, 2V-C, Vin˜ales-Cuba.
*Zuluaga et al. 2013
**Tisserand parameter, Tp = 1/a + 2 cos i
√
a(1 − e2)
Table 1. Impact conditions of the impact events studied in this
work.
that two large impact events be witnessed and registered by
thousands to millions of casual observers. The first one was
the Chelyabinsk-Russia (C-R) event (February 15, 2013),
the largest reported fireball since the Tunguska-Russia im-
pact. More recently a smaller, still energetic, impact was
witnessed in Vin˜ales, Cuba (February 1, 2019), the V-C
event. Other relatively large events, such as one in Mada-
gascar (July 27, 2018), had also thousands of witnesses, but
much less available footage and data. Multiple sources of
information, including public footage, satellite imagery and
recordings from infrasound networks, has allowed us to de-
termine with incredible detail (at least in the case of C-R
impact) the impact conditions of these two events.
We provide in the supplementary material, full details of
a detailed estimation of the V-C event impact conditions, as
obtained exclusively from public footage, and applying the
methods previously introduced in Zuluaga et al. 2013. In
Table 1 we show the impact conditions for the C-R and V-C
events, as obtained from the available literature (Zuluaga
et al. 2013; Popova et al. 2013; Borovicˇka et al. 2013) and
according to our own estimations.
4 GRAVITATIONAL RAY TRACING
Are the impact of meteoroids and their specific conditions
predictable? As stated above, the small-size of most of the
objects falling into the Earth each year, prevents their early
detection, making very improbable, if not entirely impossi-
ble, to anticipate their place and conditions of arrival.
Zuluaga & Sucerquia (2017, 2018) (hereafter ZS2018) de-
veloped and tested a backward integration technique in-
tended to compute the statistical properties of these im-
pacts. The technique was inspired in the ray tracing algo-
MNRAS 000, 1–11 ()
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Figure 1. Marginal probability distributions of impact velocity, elevation and azimuth for C-R (upper row) and V-C (lower row) events.
rithms used in the film and game industries to render photo-
realistic images (see eg. Comninos 2010 and references there
in), which also inspired the name of the technique, Gravita-
tional Ray Tracing (GRT).
In GRT, we randomly generate N different impact ve-
locities regularly spaced in the interval 11.1-43.6 km/s (the
Earth’s escape velocity and the the biggest possible veloc-
ity achievable at Earth’s orbit respectively, see ZS2018 for
details) and M random incoming directions following a blue-
noise distribution to avoid aliasing sampling effects (see Sec-
tion 2.1 in ZS2018). Starting at a given impact site and a de-
sired date and time, we integrate backwards the trajectory
of these N × M test particles in the Solar System gravita-
tional field. The integration stops when test particles reach
an asymptotic heliocentric orbit.
The probability that a test particle, having impact condi-
tions (A, h, vimp), correspond to a real meteoroid, is given by
the so-called ray probability:
P(A, h, vimp; t) ∝ f (θapex, λapex)R(q, e, i,Ω, ω).
Here R(q, e, i,Ω, ω) is the number density of NEOs in the
orbital elements space (see Sec. 6 for a discussion). In order
to correct for the “defocusing” effect that the relative mo-
tion of the Earth has with respect to the NEOs population,
we introduce a flux correcting factor f (see Section 2.5 in
ZS2018):
f (u = cos[90 − θapex]; a, b) =
{
ua −1 ≤ u < 0;
ub 0 ≤ u ≤ 1. , (1)
where θapex and λapex are the polar and azimutal angle of
the incoming direction with respect to the apex (direction of
motion of the Earth). a ≈ 1 and b ≈ 0.5 are constants that we
fit using the frequency as a function of apex angle of meteors
in the CNEOS fireball reports database. The number density
of NEOs around a point ®x ≡ (q, e, i,Ω, ω) in configuration
space is estimated with:
R(®x) =
∑
k
W(| | ®x − ®xk | |, η), (2)
where | | ®x − ®xk | | is a generalized “distance” and η a scale
parameter. W(| | ®x− ®xk | |, η) is called the smoothing kernel, and
it is intended to soft the transition from a discrete to a con-
tinuous regime (see Eq. 7 in ZS2018). The sum in R include
all the NEOs k at a distance less than 2η of the point x.
Distances in configuration space | | ®x − ®xk | | are computed
using the Zappala et al. (1990) metric with the parametriza-
tion introduced by Roz˙ek et al. (2011):
(DZ/nmam)2 = 54 (a − am)2/a2m + 2(e − ek )2 +
+ 2(sin i − sin ik )2 +
+ 10−4(Ω −Ωk )2 + 10−4($ −$k )2
(3)
with am = (a+ak )/2 the average semi-major axis between,
nm the corresponding orbital mean motion and $ = Ω + ω
the longitude of the perihelion.
4.1 Marginal Probabilities
In ZS2018, we sum-up the ray probabilities at a given ge-
ographical location, to compute the (relative) probability
that an object hit that location instead of another one. This
allows us to create impact risk maps. But ray probabilities
can be used in different ways. Thus, for instance, we can esti-
mate the marginal probability distribution of impact speeds,
ie. p(vimp), if we sum-up the probabilities for all rays having
impact speeds in the interval V : [vimp, vimp + ∆vimp]:
p(vimp)∆vimp ∝
∑
V
P(Ai, hi, vimp,i; t),
The same rationale can be applied for computing the
marginal probability distribution of any impact condition
(radiant elevation, radiant azimuth, asymptotic orbit semi-
major axis, etc.) In Figure 1 we show the marginal proba-
MNRAS 000, 1–11 ()
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Figure 2. The estimated radiant for the Chelyabinsk (left panel) and Cuba meteor events (right panel), and the most prone meteoroid
radiants in colourmaps according to the GRT technique.
bility distributions for several quantities, as computed with
GRT at the location and time of the C-R and V-C events. A
comparison with the true impact conditions is also shown.
A similar approach can be used to compute bivariate
marginal probability distributions. Thus, for instance, the
probability that the radiant elevation and Azimuth be in
the solid angle ∆Ω : [hrad, hrad +∆hrad], [Arad, Arad +∆Arad] can
be estimated by:
p(Arad, hrad) cos hrad ∆hrad ∆Arad ∝
∑
∆Ω
P(Ai, hi, vimp,i; t),
It should be noticed that in this case a geometrical cor-
recting factor, namely cos hrad, should be introduced to esti-
mate the probability distribution function, since solid-angles
at larger elevations are smaller than those near to the hori-
zon.
5 RESULTS
Impact conditions (Figure 1), for both the C-R and V-C
events, are well within the statistical errors of the GRT
predictions. The case of azimuth is especially interesting.
Although the observed value of this quantity, have low
marginal probability in both events, GRT predicts correctly
the octant in the sky from which the impactors arrived. In
the case of C-R event, GRT predicted a north-east radiant,
Arad ∼ 50 − 70◦. In the real impact, the object appeared
coming from the east, Arad ∼ 100◦. More interesting is the
case of the V-C meteoroid. Public observations reported to
the American Meteor Society, AMS2, as well as early inter-
pretation of the available footage, suggested a southbound
meteor direction. The theoretical predictions with GRT (see
rightmost panel in the lower row of Figure 1) predicted that
meteoroid should enter traveling from south to north (radi-
ant in the south, Arad ∼ 140 − 160◦), as was later confirmed
by an independent analysis of satellite images.
In Figure 2 we show contour maps of the bivariate
marginal probability distribution of azimuth and elevation.
These maps reveal details absent in the univariate marginal
2 https://fireball.amsmeteors.org/members/imo_view/
event/2019/513
distributions of Figure 1. Thus, for instance, according to
CRT at the date, time and location of the C-R event, al-
most no objects should come from azimuths between 100◦
and 270◦ (half of the sky), nor from elevations lower than
15◦. The actual meteor arrived from a point in the sky
well-inside the predicted region. In the V-C case, the “for-
bidden region” is smaller and two well-recognized spots at
A ∼ 150◦, h ∼ 10 − 40◦ and A ∼ 40◦, h ∼ 50 − 60◦ concen-
trate the expected incoming directions. The actual mete-
oroid came close to the first spot.
The heliocentric elements of the meteoroids also show in-
teresting coincidences with those predicted by GRT. In Fig-
ure 3 we show bivariate marginal probability distribution for
pairs of orbital elements. For the C-R event, GRT favor a
low inclination meteoroid orbit with a moderate e ∼ 0.4−0.6
eccentricity which are close to the actual impactor orbit.
For the V-C event, GRT predicted a similar eccentricity but
a slightly larger orbital inclination. The actual body had
i ≈ 11◦, e ≈ 0.4. The longitude of the ascending node Ω is
easy to predict. It will mostly depend on the ecliptic lon-
gitude of the Earth at the time of impact. However, the
argument of the perihelion ω, namely the orientation of the
axes of the ellipse in the orbital plane, is not trivial to pre-
dict. Still, GRT constrains reasonably well the value of ω for
both events.
6 DISCUSSION
We started this letter by formulating a bold question: Can
we predict the impact conditions of metre-sized meteoroids?
After the results presented in this work, which certainly does
not constitute a statistically significant prove, we propose
also a bold answer: yes, we can predict them. But this answer
should not surprise us. As GRT intrinsically assumes, the
NEOs population acts like a gravitational “source of light”
that instead of photons sends particles towards the Earth.
Predicting the incoming impact direction is a simple conse-
quence of knowing the properties of such body source.
The quality of GRT predictions depend on meteoroid pop-
ulation used for calculation ray probabilities. In this paper
and for the sake of simplicity, we assumed that all poten-
tial impacting bodies have an orbital distribution similar
to that of the complete NEO population (∼20000 objects
MNRAS 000, 1–11 ()
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Figure 3. Colourmaps show the regions in the configuration (a, e, i, ω, Ω) space more prone to impact the Earth at the time and place
of Chelyabinsk (uppermost panels) and Cuban meteors (lowermost panels).
with absolute magnitud H < 20 and diameters D > 500
m). However, smaller and fainter objects, which are affected
for instance by non-gravitational forces, may have different
distributions (see eg. Granvik et al. 2017) or, as it is the
case of centimetre-sized particles, they may have multiple
and diverse sources (major meteor showers, sporadic meteor
torus). Other assumptions on the distribution of small and
invisible impactors may be used to improve GRT following
the recent results by Bouquet et al. (2014); Christou et al.
(2014); Dmitriev et al. (2015); Granvik et al. (2016, 2017).
Why did we focus on metre-sized meteoroids?. Three main
reasons. First, we can assume in a first approximation (as
we have done in ZS2018) that they have a similar origin
(and probably a similar distribution) as the population of
larger NEOs. Even if this is not the case, performing sim-
ulations to study their true distribution is rather feasible.
Secondly, most of them are missing and still “invisible” to
our surveys. And last but not least, they pose the worst risk
to our civilization. Their impact rate is relatively high and
the potential damaging effects, though small as compared
with hundred-metre-sized objects, may have non-negligible
economical impacts.
Is GRT perfect and their predictions entirely reliable?
Probably not in its present form. As the differences between
the predicted and the observed impact conditions seems to
reveal, the method can be still improved, not only with a
better knowledge of the meteoroid orbital distribution but
from a theoretical and numerical point of view. However, it
is hard for a single group of authors to achieve it.
Being able to constraint impact conditions will not solve
all the risks imposed by small undetectable objects. Still, it
can help us to be prepared for future events, especially over
populated areas. With this work we also want to call the
attention of governmental and no governmental institutions
about the interest that theoretical research on impact risk
assessment may have, and the potential that novel methods
like GRT have at finding answer to what were considered
unsolvable questions.
Our results here relied in our own estimations of the V-C
impact conditions. Although improved conditions could be
obtained combining all available information (satellite data,
infrasound recordings, more and better footage, etc.), we
are confident that the conclusions of this letter will not be
substantially modified.
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APPENDIX A: SUPPLEMENTARY MATERIAL
Impact conditions of the Vin˜ales-Cuba
meteor
A1 The Vin˜ales-Cuba meteor
The Vin˜ales-Cuba meteor happened in February 1, 2019
around 18:17 UTC. It was witnessed by thousands in the
island and several casual observers in south Florida (USA).
The meteor left a smoke trail and produced a sonic boom
that recalled that of Chelyabinsk in 2013. According to the
NASA fireball database 3 the meteor released an estimated
energy of 1.4 kt of TNT.
Here, we reconstruct the trajectory of the meteor in the
atmosphere above Cuba and its orbit before the impact, us-
ing for that purpose different footage originally discovered
and obtained from YouTube, Instagram and Twitter. In par-
ticular we analysed three videos taken at different vantage
points, both in Cuba and USA. Vantage points are separated
by between 100 and 400 km ensuring a proper baseline for
the reconstruction of the trajectory.
In Table A1 we present the position of the vantage points
and links to the corresponding footage we use in our recon-
struction.
A1.1 Havana observations
Havana observations are based in a time-lapse, recorded on
board of a cruiser in the Havana Harbor. This video is the
most complete and precise piece of footage publicly available
about the event.
The video was taken using a GoPro Hero 5 using the de-
fault time-lapse mode (0.5 seconds between frames). We
achieved to recover 11 frames spanning a total of 5 seconds,
where the meteor is clearly visible.
Azimuth and elevation of the meteor were estimated by
first identifying several reference buildings on the horizon
(see upper panel in Figure A1).
A1.2 Florida observations
The second footage we use for our reconstruction is a video
recorded by a camera of the Earth Cam network4 in the top
of the Gull Wing Beach Resort at Ft. Myers Beach, Florida
(USA). A single frame of the video is shown in Figure A1.
Although the quality of the video is poor (as compared
with that of the Havana) and the weather near to the Hori-
zons was partially cloudy, we get enough information from
the video to estimate the (relative) azimuth and elevation of
the meteor.
To obtain the angular scale of the picture, we use as a ref-
erence object a truck (or container) apparently used for a jet
ski station. The physical dimensions of the truck or container
was obtained from a 3D model of the “truck” available in
Google Earth. Combining the estimated distance between
the camera (which is located at the roof of the resort) and
the truck, we calculate the field of view of each pixel in the
3 https://cneos.jpl.nasa.gov/fireballs/
4 https://www.earthcam.com/
Figure A1. Upper panel: a single frame of the video taken in the
Havana Harbor showing the reference buildings used in this work
to estimate azimuth and elevation of the meteor. Lowe panel:
frame of a video taken in the Gull Wing Beach Resort (Floria,
USA).
image. From that, we estimate the elevation of the meteor
in each video frame.
Getting the azimuth of the meteor for this particular im-
age was challenging. No fixed reference object could be iden-
tified along the beach. Therefore, our azimuth measurements
were only relative to an arbitrary direction on the horizon.
As we will see below, the precise azimuth of this reference
direction was estimated a posteriori using the trajectory fit-
ting procedure (Section A2).
A1.3 Pinar del Rio observations
The last footage we used for our reconstruction, was a street
video showing the smoke trail left by the meteor. The video,
recorded by a casual observer in the city of Pinar del Rio, 173
km to the west of Havana, was particularly well-suited for
our purposes, in contrast with most videos recorded in the
island, since it was plenty of reference objects able to provide
us azimuths and the angular scale of the image. The video
was apparently recorded a few minutes after the meteor. The
site of the video was easily identified in Google Earth.
We stitch together several of the frames in the video,
showing the meteor trail and some reference objects, and
the result is presented in Figure A2.
MNRAS 000, 1–11 ()
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Location long. (deg) lat. (deg) alt. (m) Public Alternative
Havana Harbor, Cuba -82.34433 23.13777 0 http://bit.ly/2GwIQqB http://bit.ly/2UJ18c2
Gull Wing Beach Resrot, FL USA -81.90360 26.41887 0 http://bit.ly/2tgUU7q http://bit.ly/2TGGp8A
Alameda Pinar del Rio, Cuba -83.69211 22.41455 0 - http://bit.ly/2thGkMZ
Table A1. Location of the vantages points where the footage used in this work were taken. Public links are the original social network
material. Alternative are permanent link to the footage.
Figure A2. A single frame of the video taken from Pinar del
Rio (Cuba), showing the hallmarks used in this work to estimate
azimuth and elevation of the meteor.
In order to get the elevation and azimuth of several points
of the smoke trail, we first need to obtain the angular scale
of the picture. For this purpose we use a lighting street pole
located in the opposite side of the street. According to a
source in the island, the height of the lighting street poles
in Cuba is Standard. We use this height and the distance of
the observer to the pole to gauge the angular scale of the
pictures.
The scarce information available in the pictures about the
meteor, only allows us to estimate the position of just three
points in the smoke trail:
• the closest point to the top of a close lighting street pole
(see Figure A2). The azimuth of this point was assumed the
same as that of the pole (measured using Google Earth).
• The point in the smoke trail closer to the lamp in the
street pole. The elevation of this point was obtained after
estimating the position of the zenith using the first mea-
surement. A line drawn from the zenith to the lamp allows
us to estimate the distance and hence the angle between the
lamp and the smoke trail point. The azimuth of this line is
the same as the azimuth of the vertical to the lamp as seen
from the location of the observer. The elevation of the lamp
was estimated from the distance between the lamp and the
observer.
• The lowest point of the trail. The azimuth of this point
was estimated using as references the roof of houses be-
low the trail. Google Earthprovided us the azimuth of those
houses. The elevation was estimated using the angular dis-
tance between the trail and the ground.
The previous procedure has large uncertainties (several
degrees in most of the cases) and it relies mostly on unknown
properties (the height of the light pole, the azimuth of the
houses, etc.) Moreover, this procedure give us the observed
coordinates of the smoke trail and not of the meteor itself.
Still, in the absence of other more reliable visual recording
inside the island, the information provided by this images
are priceless.
In Table A2 we summarize the observed coordinates (az-
imuth and elevation) of the meteor as estimated with the
aforementioned procedures for the three vantage points.
In the case of Florida and Havana, we corrected the ob-
served elevation by the effect of atmospheric refraction. For
this purpose, we initially use the formula by Bennett (1982):
h = ha −  cot
(
ha +
7.31
ha + 4.44
)
Where h and ha are the true and the apparent elevations
and  = 283P/(273 + T), with P the atmospheric pressure
in bars and T is temperature in Celsius, is a factor taking
into account the local atmospheric conditions. This formula
has been tested for navigation purposes and it is valid to
all elevations. Since the object was inside the atmosphere,
we estimate that the atmospheric refraction from La Florida
(400 km away from the impact site), was half of the total
computed with the previous formula. On the other hand, we
estimated an atmospheric refraction of 1/3 of the total for
the observations done from Cuba (∼200 km away from the
meteor trajectory).
A2 Trajectory fitting
One of the main limitations of working with public or ama-
teur footage is the lack of a proper synchronization among
videos. In only two of them (the Havana and Florida videos)
we have information about the time of each frame relative
to the beginning of the video (last column in Table A2). No
absolute timing was available.
For solving this inconvenience we developed in Zuluaga
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Point Az. (deg) h (deg) t (s)
Havana harbor
1 226.74 ± 0.9 18.6 ± 0.07 0.00
2 228.22 ± 0.9 17.7 ± 0.07 0.50
3 229.77 ± 0.9 17.0 ± 0.07 1.00
4 231.51 ± 0.9 16.0 ± 0.07 1.50
5 233.13 ± 0.9 15.0 ± 0.07 2.00
6 235.00 ± 0.9 14.2 ± 0.07 2.50
7 236.87 ± 0.9 13.0 ± 0.07 3.00
8 238.82 ± 0.9 11.8 ± 0.5 3.50
9 240.89 ± 0.9 10.6 ± 0.5 4.00
10 243.00 ± 0.9 9.2 ± 0.5 4.50
11 244.96 ± 0.9 7.9 ± 0.5 5.00
GullWing Beach Resort (Florida)
1 Aref+10.1 ± 0.1 2.4 ± 0.3 0.44
2 Aref+10.2 ± 0.1 2.2 ± 0.3 0.50
3 Aref+10.5 ± 0.1 1.8 ± 0.3 0.81
4 Aref+10.8 ± 0.1 1.5 ± 0.3 0.94
5 Aref+11.2 ± 0.1 0.9 ± 0.3 1.94
6 Aref+11.5 ± 0.1 0.6 ± 0.3 2.31
Pinar del Rio (Cuba)
1 287.61 ± 0.1 71.4 ± 5 -
2 305.01 ± 5 62.8 ± 5 -
3 318.75 ± 5 57.1 ± 5 -
*Aref is obtained in the fitting procedure.
Table A2. Observed trajectory of the meteor in the sky as esti-
mated in this work for three different vantage points.
et al. (2013) a numerical procedure intended to fit a meteor
trajectory, starting only with the measurements of elevations
and azimuths. We call it the“Altazimuth-footprint method”.
In contrast with the original version of the method, the
improved version we use here, involved both, errors in el-
evation and azimuth to compute the altazimuth-footprint
statistics:
A =
√√ nv∑
j=1
n j∑
i=1
[
(Aji − At ji)2
∆A2
ji
+
(hji − ht ji)2
∆h2
ji
]
(A1)
Here, nv is the number of vantage points, nj is the number
of observations in the jth vantage point, (Aji, hji) are the
horizontal coordinates of the ith point in the jth vantage
point, and (At ji, ht ji) are the azimuth and elevation of the
closest point in the theoretical trajectory respectively.
The theoretical trajectory depends on four quantities: the
projected impact site location (lonimp,latimp) (altimp=0), the
radiant azimuth Arad and the radiant elevation hrad as seen
from the projected impact site.
In order to find the best-fit value of those parameters we
minimize the statistics A. Due to the particularities of the
Florida footage, we add a fifth parameter to the minimiza-
tion procedure, namely the reference Azimuth Aref at the
Gull Wing Beach vantage point (see Table A2).
The result of the fitting procedure is presented in Table
A3. Using the best-fit trajectory, we also compute the helio-
centric orbit of the meteoroid 1 year before the impact. The
resulting classical elements are also shown in this Table.
Parameter Best fit value
Atmospheric trajectory
Lon. impact (deg) -83.8037 ± 0.002
Lat. impact (deg) +22.8820 ± 0.001
Arad (deg) 178.9 ± 0.2
hrad (deg) 31.8 ± 0.1
Aref (deg) 193.1
〈vimp 〉 (km/s) 16.9+0.15−0.14
Orbit
a (AU) 1.217+0.003−0.004
q (AU) 0.740+0.004−0.005
e 0.391+0.005−0.007
i (deg) 11.471+0.030−0.038
Ω (deg) 132.281+0.002−0.002
ω (deg) 276.975+0.434−0.507
P (yr) 1.342+0.006−0.007
Tp 2.811+0.005−0.005
Table A3. Best-fit values of the atmospheric trajectory and the
asymptotic orbit of the meteoroid for the Cuba impact as esti-
mated in this work.
A plot with a comparison between the observed meteor
trajectory and the best-fit Altazimuthal footprint, is pre-
sented in Figure A3.
We found that in order to explain our three visual ob-
servations, the object should come almost exactly from the
south, travelling in an inclined hrad = 31.8◦ trajectory to-
wards the north coast of Cuba. According to the observa-
tions in the Havana Harbor the contact point of the object
with the atmosphere happened at 67 km above the ocean
to the south of San Felipe Cays. The brightest point in the
video corresponds to a point in the trajectory 22 km above
the surface.
On the other hand, according to our estimations, the
smoke trail seen in the Pinar del Rio video, corresponds to a
short segment of the trajectory between 30 km and 27 km.
Using our fitted trajectory and the very precise footage
taken at the Havana harbor, we can estimate the distance
travelled by the meteoroid in the atmosphere as a function of
time. A linear regression of the resulting distances, provide
us the average speed of the meteoroid during the airburst.
A3 Discussion
The estimated impact conditions, presented here, depends
on several assumptions and on the validity of the geometrical
procedures used to measure azimuths and elevations over the
pictures.
The most uncertain measurements are those taken at
Pinar del Rio. Since the footage there does not include the
visible meteor but the smoke trail, it could happen that the
cloud be displaced from the actual meteor trajectory by sev-
eral degrees. In particular the meteor could happen to the
west of the cloud observed position. In this case the tra-
jectory will be farther away from the Havana Harbor and
hence the estimation of the distance travelled by the mete-
oroid, and hence the impact speed, will also be affected.
We have played around with the observed coordinates of
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Figure A3. Expected azimuth and elevation of the theoretical trajectory (dashed-dotted line) as observed from the vantage points, and
the actual measurements estimated in this work (crosses). In the three cases the horizontal and vertical ranges have been adjusted to the
ranges of the available data. The shaded region correspond to the theoretical trajectories calculated for the range of impact conditions
statistically consistent with the data at 95% C.L.
the Pinar del Rio observations, modifying elevations and az-
imuths to simulate the effect of the wind. The errors reported
in Table A3 reflect those uncertainties.
In order to estimate the errors in the orbital elements, we
create 500 test particles having random impact conditions
within the intervals defined by the errors in the atmospheric
trajectory section of Table A3. The errors reported in the
orbital elements are the result of this simulations.
A4 Reproducibility
In order to make all our results reproducible, we provide all
the input data, simulation results, spreadsheets and crude
videos and images, in a public GitHub repository: http:
//github.com/seap-udea/MeteorTrajectories.git. The
GRT method was implemented in a C++/python package
also publicly available in the GitHub repository http://
github.com/seap-udea/GravRay.git (branch MoonImpact).
MNRAS 000, 1–11 ()
Can we predict Impact conditions 11
Figure A4. Distance travelled by the meteor using trajectories consistent with the available data (shadow region), and the Havana
Harbor observations (black dots). The average impact speed 〈vimp 〉 and its error, are the slope of the lines in the shaded region.
Any suggestion, observations or corrections will be greatly
appreciated.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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